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Application of the constant exposure time technique to
transformation experiments with fission neutrons: failure
to demonstrate dose-rate dependence

E. K. BALCER-KUBICZEK*t, G. H. HARRISONt, B. A. TORRES++

and W. A. McCREADYt

(Received 25 August 1993; revision received 15 November 1993; accepted 17 November 1993)

Abstract. A direct comparison of the elfictiveness of fission Forces Radiobiology Research Institute (AFRRI)
neutrons at high ! 110- 31.3c(vmin! or several low dose-rates TRIGA reactor, have been used to irradiate C3H/
(0.14 3-2 cGy'min, was carried out under identical conditions. 1O17 cells. Exposure of these cells to putative carci-
Monolavers of exponcntialk growing C3H/l0TJ cells were I .
exposcd at 37(C to reactor-produced neutrons Ifluence-mean nogens, including ionizing radiation, may convert a
energy E.=0-68 NeV. <5",, 7 component, frequency mean cell with normal growth and morphologic character-
linear energy YF= 21 k'Vipm. dose mean lineal energy YD istics to one with the characteristics ofa tumour cell, a
= 42 keV'pm in an 8-pm spherical cavity. Survival or translor- process termed neoplastic transformation. It is well
mation induction were studied at five doses from 10.5 to 94 cGy.
In low dose-rate irradiations. these doses were protracted over established experimentally in the C3H10 system
05. 1. 3 or 4-5 h. resulting in 17 dilli-rent dose-rates. Up to six that high-LET radiations have greater biological
experiments were perfbrmed at each of five exposure times, effectiveness than low LET radiations. However, the
Concurrently with transfbrmation we studied cell proliferation in effects of protracted or split-dose exposures continue
control versus cells irradiated at 40c(;v ;acute and a 4.5-1 to be a subject of controversy; for the literature
protraction and found no evidence of a shift in the cell cycle
distribution among these cells. At a given dose and dose-rate, the background on dose protraction studies with low and
effect of dose protraction on survival or transinrmation was high LET radiations, see Balcer-Kubiczek and
assessed Ib the dose-rate modiifving lictor DRNIF . defined as Harrison 1991c, Brenner and Hall 1990, 1992, Elkind
the low:high dose-rate elkt ratio at the same dose. Survival or 1991 and Cao el al. 1992. In the case of fission
translrmation induction curves were ncarly linear with initial neutrons, the need for additional transformation
slopes, r.spe(ti\es., of alout 6-5 x 0- or 6.2 x 10- 6 Gc(-
Consistent withl dose response curves. I)RMiFs were indepn- measurements at doses <0-5G\ and dose-rates
dent of the dose attd dose-rate. The mean values of tile DR.MF <0"5 cGy/min has been identified 'Brenner and Hall
with their uncertainties and 99",, confidence intervals, based ott 1990, 1992, Hall 1991, Redpath et al. 1991).
nteasurenittts it individual doses and dose-rates lbr survival or All the previous dose-rate experiments with C3H/
translormatiot we're. respectivelv: 1-0t +0-03 0.92, 1.09 or 10T cells, including our transformation studies with
0-98+0.04 0-83. 18 indicating a similar precision in deter- T nutrons (Balcr-Kubicek e a. 1988,1991,

• mining )RXIF for survival or transformation. and no dose or
- . dose-rate influt-nec ott these end points. Balcer-Kubiczek and Harrison 1991a , used a con-

stant dose-rate approach in which the total dose is
proportional to the exposure time. Consequently,
different irradiation times are needed to accumulate

1. Introduction difflerent doses, a procedure which makes the analysis
of the protracted data conceptually complicated

Numerous theoretical and experimental studies especially when intervals of enhanced sensitivity
have been conducted with the objective ofimproving within the cell cycle, the division delay, repair or
our knowledge of dose response relationships fbr similar kinetic and time- or dose-dependent pheno-
radiation carcinogenesis at high dose-rate or pro- mena, singly or in combination, are suspected to
tracted doses of medium and high linear energy af 9Yct the induction process (Rossi and Kellerer 1986,

transfer (LET) radiations. Among these studies Brenner and Hall 1990, 1992, Elkind 1991, Hall
several neutron fields, including that at the Armed 1991, Cao el al. 1992, Watt 1992).

The objective of the present series was to re-

tDepartme t of Radiation Onceology. Uiversit\ of Mary- evaluate the effect offission neutron dose-protraction
land School of Medicine. Baltimore. MD 21201. USA on neoplastic transformation of C3H[1OTJ cells by

tArmed Forces Radiobiology Research Institute. Bethesda. using a constant exposure time approach in which
MD, USA. dose-rates are proportional to the total dose (Kellerer

0955-3W22 94 St 10(1X r 1994 l'avlhr & Francis ltd

BEST AVAILABLE Copy



560 E. K. Balrer-Kubicrek et al.

and Rossi 1972). Consequently, different doses are W 10%. %FBs

accumulated over the same exposure time. An addi- z 0.8 W 10% FBS

tional advantage of the constant exposure time tech- U SUM A. SERUM 6

nique is that contributions of the total dose and dose- ,
rate can be separated, so consequently questions of W 06
time-, dose- and/or dose-rate-dependent windowed -
responses can be addressed directly by a suitable U.
choice of doses and exposure durations (Sykes and ,, 0.4
Watts 1989). In our present experiments, total doses m
of about 10, 25, 40, 60 and 90cGv were protracted D
over r=0-5. 1, 3 or 4-5 h, resulting in 17 dose-rates 0.2.

from 0.14 to 3.2cGy/min. Our previous constant ,
exposure time experiments with X-ravs showed that .
a moderate protraction (T<5h) of doses in the dose MA 4Gy 4Gy+TPA MCA 4Gy 4Gy*TPA

range from 25 cGy to 4 Gy, can produce a significant. TREATMENT

statistically discernable reduction of cell killing and
transformation in the C3H[I0TJ assay (Balcer- Figure I. Comparison of transformation induction in C3H/

Kubiczek ital. 1987). 10TJ cells by X-rays or chemiealk with carcinogenic
activity (methylcholanthrene. MCA; 12-O-tetra-
decanoyl phorbol-13-acetate. "'PA t, dcmonstrate the
effect of serum quality and concentration on transforma-
tion or clonogenic responses idata not shown). Other

2. Materials and methods abbreviations have the following meaning: 1 0 ,+ 5,
FBS. indicates a protocol with the first four media

2.1. Cell culture and media changes performed using medium containing 100,, of
foetal bovine serum tFBS . and the remaining three

C3HIIOTI cells from the line established by media changes performed using a 5",,-serum content;

Reznikoff rt al. (1973a,b) were maintained as 10",, FBS. high-serum nidium-changr protocol.

described previously (Balcer-Kubiczek et al. 1988,
Balcer-Kubiczek and Harrison 1990. 1991a c, in
conformity with published guidelines for this assay(IARCfN(CIEPA Working Group 1985., Our ua- cells were in exponential growth phase (see §2.1).
ity control of experiments with C3H18 Tj qul- Except for neutron irradiation, flasks were kept in

icells is horizontal position at all times to ficilitate attach-
described in the reports cited above. New batches or mentreattachment of mitotic cells. A hypersensiti-
lots of serum are routinely prescrecned using pro- vitv of these cells to transformation was suggested
cedures and criteria summarized in the IARC/NC' (Elkind 1991. Brenner and Hall 1992, Cao et al.
EPA Working Group (1985 report. Serum lots are 1992;. Temperature was maintained at 36 37C, in-
characterized as being suitable for the transforma- 19dg ddmp('1urewaneu ain at Cl were in-tion assay by ascertaining compliance with survival cluing during netttroti irraiation. Cels wecre trans-
and transfrmatiotn expectations after 4 v X-ravs. ported to the reactor in a 20-litre thermally insulated 4
and 4G X-rys witapon exp osurt 0'1 X-ays container, similar to that described previously

r 4 X ith post exposure to 01 ug l.; iBalcer-Kubiczek el al. 1988. Balcer-Kubiczek and
ml. or after 25,pg MCA/ml. Results for tw, los. - - Harrison 1991c. At the reactor site, cell temperature
matched with respect to the concentration tf I I before and after neutron irradiation was controlled
natural serum components. tested for sc i befre aimmersincutur n flasksfilh'd with warm medium
present study are shown in Figure 1; a single lot. immesing-culture a ed with w
denoted serum B in Figure 1 was used in theath.
experimentsureportedihere 1Each experimental run included a high dose-rate
experiments reported here. exposure group and, in most cases, more than one

low dose-rate exposure group at the same dose.
Neutron irradiations were arranged such that low

2.2. Transformation and surcityal assars dose-rate exposures always preceded high dose-rate
exposure. Consequently, cultures that received low

Cells in passage 10 were used for experimentation, dose-rate irradiations were incubated in a horizontal
Beforeneutron irradiation, cells were plated in several position for up to 5 I before transporting them from
25-cm 2 flasks at 5 x 10' cells per flask. Experiments Bethesda to our cell culture laboratory in Baltimore.
were performed 2 days later to ensure that treated There, cells were removed from flasks by trypsiniza-



Neutron dose-rate effect on neoplastic transformation 561

Table 1. Pooled data from constant exposure time experiments with TRIGA fission neutrons

Mean Mean exposure Mean dose
dose+ timec±_a rate+a X/N+_a TR+c
(cGy) mini (cGN/min) SF+or N Y X P (10- 2 ) (10- 4)

10-68+0-74 0-94+0-08 11-35+077 0-994+0-059 692 671 23 280 3-3±0-7 1-10+0-24
26-22+ 1-32 2-37+0-15 11-06+0-46 0-780+0-176 365 342 24 297 6-6+ 1-3 2-19+0-46
41-47+ 1-60 1-39+0-08 30-02±2-34 0-538+0-063 191 165 30 334 15-7±0"9 4-15+±0-86
62-28+ 1-84 5.68±0.37 1101 +0-78 0-431 +0.100 513 453 65 259 12-7+± 1-6 5-68+0-37
91-30+4-45 2-92+±0'13 31-29+ 1-28 0-266+0057 333 249 89 303 26-7+2-8 9-58+ 1-05

10.23+021 29.87+0.19 0-34+0-01 0-947±0-083 293 283 10 278 3-4+ 1-1 125+0'39
25-38+± 1-75 29.34+109 0-87+0.06 0-804±0.198 272 248 24 346 8"8+ 1-8 2-67+0-55
40-20+0-35 28.16+230 1-44±0-11 0.527+0'075 359 332 27 298 7-5+± 1-5 2.63+051
61'43+2"17 30.10+0.07 2-04+0-08 0-546+0-067 187 159 29 245 15-5+3-9 6-62+- 1-27
91-95+ 1-85 28.84± 1.16 3-19+0-06 0-260+ 0,097 76 52 24 371 31-6+±6-5 10-24+ 2-10

10-50+0-61 57.56+2-18 0.18+0-01 0-948+ 0-087 311 302 10 256 3-2+ 1-0 1-15+0-38
26-20+ 1-25 57.83+2.18 0.45±0-01 0.733+0.175 228 211 18 289 7-9+ 1-9 2-68+0-65
41-50+ 1-38 61-48+2-55 0-68+0-04 0-585+0-050 264 234 '33 291 12-5+±2-2 4-15+0.76
60-50+0-50 59-15+0-00 1-02+0-01 0-499+ 0-119 79 67 12 333 15-2+4-4 4-95+ 1-43
90-00+0-00 62-53+2-15 1-44+0-05 0-341 +0-051 100 67 33 360 33-0+5-6 11-13+ 1-95

25-92+ 1-3( 179-3+6-6 0-14+0-01 0-806+0-145 239 224 17 307 7-1+1-7 2-11±0-54
40-53+0-91 186-4+4-8 0-22+0-01 0-491 +0-072 221 199 31 312 14-0+2-5 3-37+0-72
61-34+1-37 178-3+1.0 0-34+001 0-408+0-053 125 111 17 234 13-6±3-3 5-08+1-36
90-32+0-27 180-6+43 0-50+0-01 0-232+0-093 362 291 77 246 21-3+±2-4 8.86+ 1-05

40.40+0.60 251.8+3.8 0-16+0-00 0-661+0-079 218 203 19 263 8-7+2-0 2-71+0-70
59-95+0-05 258-8+2-8 0-23+0-00 0-432+0-008 185 158 32 280 17-3+3-1 5-63+1-09
90-45+0-90 271-5+3,7 0-33+0-01 0-250+0-022 353 279 80 299 22-7+2-5 7-86+0-92

SI-. survivint fraction. plating efficiency of control was 55" -. X. Y, P, total number of dishes, number of transfornmants of type 2
or 3 ; Reznikofld al. 1973h. 1 ARCiNCIiEPA Working Group 1985 i. number ofdishes without transformants, number of cells per dish
corrected for plating etliciency of unirradiated cells, or sur-iving fraction and plating efficiency of irradiated cells: XI., transforma-
tion rate per dish IARC NCI;EPA Working Group 1985 and its standard error. a (Hieber et at. 1987); TR. transformation rate per
surv'ivor !Han and Elkind 1979. and its standard error, (r Balcer-Kubiczek el at. 19871.

tion, counted. diluted, and plated at concentrations NCI/EPA (19851 with unccrtainties calculated
estimated to result in either 250 viable cells per dish according to published methods (Hieber et al. 1987).
for the transformation assay, or 50 viable cells per
dish for the cell survival assay. As in previous studies
the growth medium was renewed at weekly intervals 2.3. Proliferation studies of irradiated and control cells
(2 weeks for survival assay and 8 weeks for transfor-
mation assay .However, in the present experiments, Concurrently with several of the above studies,
medium with serum content reduced from 10 to 5", experiments were performed to compare prolifer-
was used in the last three medium changes. As shown ation of cells taken to and from the reactor facility
in Figure I, this modified medium-change protocol (90 and 40 cGy, acute or a 4-5-h protraction) with
has no effect on transfbrmation frequency, those continuously maintained in our laboratory.

Cell survival was determined by colony formation, Up to four cultures per condition per experiment,
while neoplastically transformed foci were identified established as described above for transformation
according to published criteria (Reznikoff et al. assay, were used to establish growth curves and to
1973a,b, IARC/NCI/EPA Working Group 1985i. perfbrm flow cytometry measurement of the DNA
The end point of transformants per surviving cell was content. Growth curves were initiated by plating 500
calculated by the null method of Han and Elkind cells per 100-mm dish. Cell counts were obtained
(19791 with uncertainties determined according to every 1211 for a period of 2 weeks. The results,
our modified analysis (Balcer-Kubiczek el al. 1987). summarized in Table 2, showed no difference in
In addition, we determined the mean number of growth rates and in the cell cycle distributions
transformants per dish as recommended by IARC/ between travelled and non-travelled cultures.
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562 E. K. Balcer-Krthtek et al.

'lahlur 2. ProlitiCratimi plraniet'r of CM311 0'J cell, we~d in dose-rawc determinitions werc ± 3.1 and 3-6"~,
rvpciruid siudivs respectivel\ *.

Iniv'lli l~I~flaicr\ 4 c~ 40 '(~Recent1v, thle radiation quiality' of' till T1RIGA-
Paranitrt cell, control brief A45b reactor neutron field has been characterized in terms

of microdosirnetric spectra (H. Gisrsteerg. mianu-
Cell cvekl( distribuion script in preparation. The spectrum was calculated

(;/I 12 Io 14 12 from a TRIGA neutron spectrum based on both
G2 G 71 10 68 measurements and calculationis Nerhinski et al.

I )ui1iliv 198 1 at. b,. Briefly, the( mecan values of' lineal energy
init. 11 1 R. + I-3 141.2 +012 l lid based on measured spectra uising I - oi- 8-pim diai-

meter detectors, respectively. are: ) = 38-9 k('\pni
tO.1 ( uk rru procrsed iineediatecs alicr remril from) Ibc and .1D=70 kcVipm. or .ij = 21 1 kt-V~ur 'and

rvarm ld. w~ditic JD= 4 1-5 keViprn.

2A1. )),,eirote and iradiatin
2.5 . Statistical analvs is

Lxprunents p~ec'prf4 rmevd at lie Armed Forces
Radi()i ~oli ILg Research Inst im te AFRR I 1R I GA At tihe totail doses used in this st udv the survival
Reacto r Facilli I with fission neti iron field op)timized level wer(' > 20 ",* Accordingly, at linear quadratic

I'rlo\\ dose-tate stutdies. Tbe techiclI descriptions equation -hIS =2 d+#I? f was aplpropriaw( to
olde nutrn suire ad oili exosue ficiit ere analyse survival data. Ini the( case o't ransforma tion

pulislicd peiul Moore and Elsasser 1 986. data, several radiohiologicalv realistic relationships
Bali-er-Koulie/ek efit a. 1988. Redpat h eta!. 1991 .']'Te were tried. such ats:
mecan flcience--\%vighited neutron energy for this conl- T a +b1- (1I
figurationi is 0,6t8 NleV (Goodmnan 1985

Sillue' our previous, exlpefinivIIIs. tile lead shielding T a + Ii- 42 (21
arraiigenini anouiid In'( point of elutlar exposuire
wast, rcceNic'l 1(i reduce thec turnlover time for T= b S+c-2 (3
satlilve froin' fl i'srcieus .15 ruiiio wu I miiii.and
rediue (t(.-n' rII cutltaIaioic1 'll y 1 ec(lo)sing Sam- wher- T is tile incidence of'* transfirmation. d the(
Jpl(, with 5-iii lead shieldinig and b\ inctreasing tOw dose, a, b and r are- regi-cssioii v'ceflieients for thel
.,Isui-tot4 g' (lis;lIlc'. ivasit'd Fiein the 'IIr-I indulioll of, iieoplastic tralsfiwilatioli. 'rhe Cclu-
ax is III i r 'arciew coc . i'1 n I to, 2 Ii. thuis pro vid in g lai d I 'stI- fit curves, were co mp)ared( us inge several
Livtituralr ccitiditiccns lowr tite mllitif)Ic 1)roitr;c'ted gowloies--fii criteria. 'llce coeflicieitt of'detcrmlina-
c'xposicte' rr'upiii-'d li Il( prvi stid'. . Ihi' Latter tionl wasv use-d 1() ustilaic' iic fraction of, thet total
mcc(difiilai jic. S1ig-utvNI In' oc of* is G;.H.F. H. varianici- accliinied b I nidl)lcl and tiic' mode!
permits .ichieviig" do~se-rates of' <0)5((; min at sveuctinn critterion Akaike 1 976 wa-;s uised to evalti-
'ornespid~iicg\ higherl reactor powecr. leading" Ii lic ate' lea~st-sqjuI;res Iftings Ili ciilwticlg moidels. (:al-
ilip cde ntli cIt ti dis'am l. d claii ls'vr peilrfin c ec usiniig tc 0iu31ere ia s if"'a re

lDclsjnivit invN'. irc'nins w(r'jer-ftrmerl at tit(- PSI-Pldl. IV\' Solltware 111(.. 1 9:3 .a .
planc ' ef celllar 4eXp~tlii'c priorl tol cachl (& our 19 Quanititatt'.e ('Onlfarisctin o' dse rcps~ic curves
eXjlcrill1c'tll 111315 .iil til-e paiired nolitiwil liir cell transfilrmtili fro-m ouir five protractioln
chait1ldcr it-ctcini(ic I:RL' 1976. :\APIM 1981). priwlcl was perfiormed b% nitiliiple-regressien
Goodman 198.5. /.eniani et al. 1988 . A tissuec- atia lysis. We used this 1)13 ctc'(1 nrc t tst specificall\
equivalenit T1L-wll. mtlac-hased TE-gas; fillid wheic'ri tile- high (lose-rate regressioni line and prod-
) 5-em .1, Lx radlin c'hatnt et was uised to I ias cite ;' an 131 race ed i rra dia ticon tcgresshion li nes colId Iiave corne(

nc'utt rcli evenits. wli(rvas aI 0'-emri w tagtesiliii-\all. frontii po puclatuins with the( sait remgression coefi-
arge Il-fille-d ulianitll \%;iws uisedi tol nwaslii'e ciciots Kleluhatim el al. 1988. Pcixolcl 1993). Comn-
(vvv'ts Iii tlic' ovcit roni-lus-' field. F'ro m dic' me'asitrc- miercial sof'twa re -MatbCAD versioni 2'5, MfathSoft,
meni inade' h)\ thc' paired ('1am her-s. I'v lv rin i of' I nuc.. 1989 was usi'd fbr initc'ract ive pro gramming or
ltc'utrolns tld -, iii tile mixe'd field ('c)lthl(' betet-- F-valer (calculation.is f'roni transfiirmiation data sets in
min~ed (l.1: the present irradiations. theI ratio) (if' '[aie I 'Sec( Appc'nidixi
ticutrli (cc total d1ose- was 0-95± 1 'A'', at aill (11151- lIn addition, the( (-I'fleet of' (lose- proltractionI onl
ra tis. fI'( instritin irnital tiie'rI a intic's f iw dcxc and c su rviv~al o r trailsliurm a tic)! was ass('ssed by ie( cs'-
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close to exponential with a linear coefficient a
= (6.48+ 1.46) X 10- 3 cGy- 1 and a quadratic coef-

1.0 ficient i= (1-03+0-25) x 10-4cGy -2.These results
Z are in good agreement with observations from
-T related experiments with high-LET radiations

reported earlier by us (Balcer-Kubiczek et al. 1991,

1993, Balcer-Kubiczek and Harrison 1991a) as well0.5
L.. .as others (Han and Elkind 1979, Hill et al. 1982,

S ,Hieber et al. 1987, Saran et al. 1991, Goodhead et al.
z T 1992, Komatsu et al. 1993).
_> As in the earlier studies with cycling or stationary
> cultures of C3H/l0T cells and TRIGA neutrons
D 0.2 (Balcer-Kubiczek et al. 1988, and references cited
) above), the dose-response curve for transformation

induction was well represented by two- or three-
parameter models, given by the equations (1), (2) or

0.1 20 (3), whether exposure-time groups were considered
separately or pooled. However, the amount of data

0 20 40 60 80 1 00 in each dose response set was too small to assert an'
NEUTRON DOSE (cGy) model conclusively by the usual curve fitting.

Multiple-regression anal'sis of all the transforma-

Figure 2. Survival (I' C3H 101" cells aler irradiation with tion data in Table I showed F= 159, whereas
AFRR1 TRIR(a nutrons. Symbols correspond to the Fo. 5 (4, 16)=3"01 and F0 .99 :4, 16)=524 are
fiolloing patterns of exposure: . acute: and 0,
r= 05h: A. T= I h: V. r=3h: and *. r--4.5h: t
denotes irradiation times with the actual values listed in
Tabhl 1. 1 15

x
rate moditvi ng fictors DRNIFi, defined as the "
low'high dos-rate efli'ct ratio at the same dose. z
Standard formulas were used to calculate the uncer- laJ
tainties in 1)RMF estimates shown in Figures 4 and Mor10
5. The I)RI" f or survival or transformation were LJ
analhsed by linear regression to determine whether r
or not they wer(' independent of'dose and dose-rate .
The actual eqtuations were: z

DRMIF=a+ b. :5 5

wherc d the dose. 6 the dose rate, a, b are regression W

coefficients in Tabh' 3. The t-valhcs obtained ti'0 on .
data analysis by the above equations A! and 5. Wzwere compared with the tabulated V.aLes. is <
described in the Appendix. Required calculations M 0 . . .
were pcrfbrmed using commercial soltware iMath- 0 20 40 60 80 100
CAD version 2-5. MathSofft. Inc., 1989ND. NEUTRON DOSE (cGy)

3. Results l'igur' 3. Neoplastic translormation of C3H/10'lj cells after
irradiation with AFRRI TRI(;A neutrons. Symbols
correspond to the fidlhwing patterns of exposure: 0,

As shown in Table I and Figure 2. there were' atc , T = 0.5: A. r= I h: V. = 3 h: and *,
significant eflects of temporal dose distributions r=4.5h: r denotes irradiation times with the actual

on cell survival. The shape of the curve was values listed in T'able 1.
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2.[ able 3. Linear regrvssion voficivtlt and thdo iit o* ilIl'Ji(ti.
~~ 2.0 denee for dose rawe nodik ingi Lictor, I)RNI I:

toiI !' I Survival 1

£ 1.0 I*,v A I DR NIF versus dose 0-955 (m ill2,
11,1 A1 V0 1 I 1 ' DR N!F vermis dosc-ratc 0_ ") ).)71 11 (i;)
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the numbers in brackets are 99., confidence limits. 1979, Hall and Miller 1981) and fission neutrons
By inspecting Figures 4 and 5, an additional obser- (Hill et al. 1982, Ullrich 1984). Indeed, models by
vation can be made that the quality of the transfor- Rossi (1981), Rossi and Kellerer (1986), Burch and
mation data can be quite good, comparable with the Chesters (1986), Brenner and Hall (1990) and Elkind
quality of survival data. Thus, the scatter in transfor- (1991) show, either directly or by implication, that
mation data sets should not be relied upon in the enhancement of an effect due to protraction may
justifying a wide range of model-based speculations occur in a dose range where a dose-response curve
(Brenner and Hall 1990, 1992, Hall 1991). has a fine structure such, for example, has a locally

negative (convex) curvature; 'bending down' seg-
ments of response curves after brief and/or protracted

4. Discussion exposures to low and high LET radiations were
reported for neoplastic transformation, animal carci-

In this report cell survival and the induction of nogenesis and, more recently, for mutation induc-
neoplastic transformation were studied after fission tion, but not cell survival or mortality (Miller and
neutron irradiations at up to five exposure durations Hall 1978, 1991, Little 1979, Hall and Miller 1981,
per dose. Such an experimental design, the first Hill et al. 1982, Ullrich 1984, Bettega et al. 1992,
reported for high-LET radiation studies, permitted Tauchi et al. 1993). Thus, our second important result
direct examination of the dose-rate influence on that, at a given dose, survival or transformation did
these end points at multiple dose rates. The dose-rate not vary with a temporal pattern of exposure, can be
range included single values of dose rate seen as a direct consequence of the first result, just
< 05 cGy/min previously studied in this and other discussed above, that dose-response curves for neu-
laboratories using the constant dose-rate approach. trons are linear < I Gy. Similar conclusions were
The reference acute irradiations were performed published by Coggle (1988) based on the analysis of
concurrently with protracted irradiations at the rodent carcinogenesis data.
same dose. Identical protocols were used in all Recently, several interpretations of locally com-
irradiations, including media composition, age and plex dose-response curves and the inverse dose-rate
proliferative state of cultures, initial plating densities effect have been proposed (Rossi and Kellerer 1986,
and the numbers of'dishes, thus providing statisti- Dennis and Dennis 1988, Sykes and Watt 1989,
cally acceptable conditions for testing the null Brenner and Hall 1990, Elkind 1991, Watt 1992).
hypothesis that, at the same dose, there was no Most of these models are an extension of an idea
diflerence in the efftctiveness of fission neutrons due (Oftedal 1968) that there is a time period in the cell
to differences in the temporal pattern ofexposure. cycle during which cells are more susceptible to

Technical limitations in the present study pre- transformation (or mutation; Tauchi etal. 1993) than
cluded investigations of neutron doses of < 10 cGy, a at other times. A corollary is that for exponentially
limitation that also applies to most (Hill et a!. 1982, growing cultures with the same distribution of cells
1984. Balcer-Kubiczek et al. 1988, Coggle 1988, throughout the cell cycle at the beginning of expo-
Miller et al. 1990, 1993. Hill and Zhu 1991, Miller sure, diflerent distributions and, therefore, different
and Hall 1991. Saran etal. 1991) but not all in vivo and fractions of the hypersensitive cells are expected at
in vitro studies of radiation carcinogenesis (Ullrich the end of protracted versus brief exposures. At
1984, Balcer-Kubiczek and Harrison 1991 a). Never- present, there is no agreement among the models as to
theless, two interesting and potentially important a duration (Rossi and Kellerer 1986, Brenner and
results emergedfrom the present investigations. First. Hall 1990, Elkind . 1991, Harrison and Balcer-
we confirmed that the dose-response curves for Kubiczek 1992, Watt 1992) or a specific location of
survival and transformation at doses < I Gv are best the sensitive period within the cell cycle (Brenner and
described by a linear equation or, possibly, a linear Hall 1990, Elkind 1991, Cao et al. 1992, Komatsu
quadratic equation with a weak positive quadratic et a!. 1993, Miller et al. 1993, Tauchi et a!. 1993), but
term. Similar to previous results with exponential or periods of sensitivity lasting from a few seconds or less
plateau cultures of C3HIOr cells and TRIGA to about I or 2 h can be inferred, as discussed below.
neutrons (Balcer-Kubiczek and Harrison 1991a) as Although the preseht study was concerned with
well as with some other neutron sources (Coggle investigation of dose-rate effects of fission neutrons
1988, Saran et al. 1991, Komatsu et al. 1993,, we did rather than with testing the biophysical models cited
not observe 'supralinearity' in the dose-response above, our measurements of the cell cycle distribu-
curve for transformation, often associated with the so- tions of control and irradiated cells (Table 2) argue
called 'inverse dose-rate effect' reported for y-, X-rays directly against the validity of these notions. Inde-
(Borek and Hall 1974, Miller and Hall 1978. Little pendently, quantitatively similar results and conclu-
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sions. b~asedl oil experiments with fission necutrons tron souirce, the( model input varialev was umdercerii- v
(Saran ft ait 1993 jand with mionornergetic ne(utrons mated by up to a fiactor of'40. so it follows that the
of several different energies (0-5. [ 0 and 6-0 MeV magnitude of' the( inverse dlose-rate for these sources
(Pazzaglia rt at. 1993., were recently reported for was oi-reslima fed lbv (correspondingly similar fI.-ctors.
Control and neuitron-irradiated C3H I 011 cells. Applied to ouir present datai. this mevans thiat. b~ased

In experimental investiga tions of' dose-rate or on the Breniner and Hall miodel, no enhancenient can
dose-firactionationi eflects. it is imlportanit to ascertain be expected in exponentially growing cultutres of
whether tet variability of' at response canl be attni- OH: 1011 cells even at dl sc rates <(1-5 c-Gyliin in
btited it) a ptivr of' exposuire and niot nierely the( the( dlose rangeT examined. T'O Further illoistriat(' the
scatter of datd. Fi i gres -1 and 5 show enhancemient inmpact of tle higher. I- nit this 11todel. \%(' note. thatl no
and reduitions of'less than it a ftc-tor of' 2 at several dlose-rate efloect call he predicted it) occur in neuitron

cli sr-rates. suich as are reporte by It somte in vestig a - doses and d tse- rats e('5i(leant to rad(i at ion protcc tion.
tors as, thec inverse dlose-rate eflci. Howe-ver. it) Specificall\y, to use the( examl~le in Brentirr and Hall
('( ntra st wvithI outr present r'eport . thv otes t her (-(it- 11990 . ino enhItan ceiment for fissio nti irons (-a it b e
stan t d sc-rawI stutdies were limited to. at best. two expecte'd at 0.5 c(;yand at dose-tate = IF - cC ;!iiii.
dlose-rates '1-ill ria!. 1982. Hill antd Zhuw 1991. Miller In fact. we calculated that iii order to obtaini the two-
and Halt 1991. Redpatli rc/al. 1991 , and 'or at narrow fbld tratsformationt enhiatnett for fissiotn neutronts
range of doses. including( measurements at a single at this dlose-rate, the( total dlose would have-( to be

dos( Ullvich 198 1. Hill andto Zhun 199 1. Miller et at. 50(-(;\. Assuin ita qua Iii' fiactor of' 10. this comre-
199 1. 1993. Red pati hit at. 199 1 :consequentl\. thlese spotidN to the( dose51 which is I100 timecs the( annual
resltis do not Itnd themselves to rigorous analvsis bv eflective ocipatiottal (lose- permitted by ctirrent U.S
cotnventtional statistical nicihods stuch as presented standards.
here, nor to the( analysis by itiparanicter moderls. Ini stmmary. it seems reasontale to conclude firont
sil as tdosc p)ojposcr for tranlb'rniatioit datab the pre'sent direct comitparisons ott ell sorvival, tran.s-
Burcht aind C :lti'su't IT16f . Rossi and Kelerer formation and iae distniltutiows of control and irra-
I 98; ont Bicitr and H all 1990 . diated ce'lls. ats well as, by examnting assuimptionts in

We, exatniiied the taliet' model analytically Harri- b iopfhica 5 1 (aIit d cI of' (t( ieive nse do se-rate e fc t,
sonu and Kialcer-Kiiiek 1992 with the inwentioit of that there is tio real. iii a statistical sense. modifica-
appl-iiig tlhe model ito oil? trantsformation dalta for tioti of these enid points I)\ extending the duration otf
JR IGA ntiutnons balvee-Kiticzekeliat. 198R. 1991. fissioni netutront exposure or. c'quvalently. by lower-
Raleet-Kihiczvk and H-arrison 1991 a. anid this iitiz the- fission nectitott dose-rate.
report aii oIund at lack of a sin[gle-valued m diiioui
for Ih' duiratiitti of tlhe postulated irattsbrniation-
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Appendix Ho: bl = b2 =b3 =b 4 =0,

and, accordingly:
The following methods are independent of any

model assumptions for error calculation of surviving H o model: T=a+d bo.
fractions, transformation frequency or derived

qualities. It should be noted that the above equation doses
not imply that the actual relationship between trans-
formation frequency and the dose is linear, but
rather than a linear approximation explains a sig-

Al. Test of independence nificant amount of variability in T over the range of
d values, which is true in the case of our data.

One criterion of independence is that the mean The procedure compares the calculated F to the
DRMF is the same for each value of dose or dose- F.(,u1, p2) distribution with the appropriate
rate. which in the case of linear regression, requires numbers of degrees of freedom; the symbols have the
that the slope equals 0. To test for independence of following definitions: p I = (n-2)- (n-6), p2 =n-6
DRMF, we calculated: are degrees of freedom in the numerator and

(b-0)S. -i denominator, respectively, a = the cumulative prob-
SY.- x 'ability, n = the number of observations in all groups,

arid
where b is the slope. n the number of observations,
and S, and S have the usual meaning (Dixon and F= [SSE(H model)-SSE 'ull' model)]/p I
Maser 1957:. and compared its value with the SSE ('full' model)/p 2
I-distribution. The null hypothesis: b=0 can be where SSE= sum of squared sampling errors, defined
rejected at the 2-level of significance, and the two just below.
variables are said to be dependent, ift<,12 .(n-2) jut loor ir t > t, _ ii2. - 2 . Let lij observed transformation response of ith

group at jth dose, and dj=Jth dose.

For H0 model: SSE=1[t1j- (a+dj. b0)] 2 ,

A2. Midtiple-regression analrsis where summation is performed over groups,
i( =0, 1, ..... 4) and data points in the combined set,

This section will provide explicit fbrmulas and j = 1, ... , 22 for our data sets Tabe 1).
mathematical procedures used in the multiple- T T
regression analysis of transformation data graphed For 'full' model: SSE=Tr. T-T X.p,
in Figure 3. They are also suitable for a similarana~si ofanyreslts iItheassmpton an e mde where the matrix X is defined below, T denotes a-analysi's ofanv results. ifthe assumption can be made

that all the curves have a coinciding intercept: in the vector constructed from tj values, and fl denotes a

present case, this is a reasonable expectation since vector constructed from multiple-regression coeffi-
cients found by solving the following matrix

the intercept, by definition, is the spontaneous trans- eteatig m r
formation frequency. e

We consider our exposure-time groups, Ihi=O, 1, 10.1 1 d, 0 0 0 0

2. 3. 4 . where i=0 denotes an arbitrary reference to. 2  1 d2 -0 0 0 0
group, chosen here to be the high dose-rate group. "
aindseparatecindependent variablesxk(k=l,2. 3,4., t1 . I d6 1 0 0 0 a
such that xk = 1, if group k, and = 0 otherwise. le .b

multiple-regression equation or b
'full model: T=a+d'bo+xl .d b+...+x4 d b4

• b2

has six independent multiple-regression coefficients . b3

to be found. A regression coefficient such as bl,
denotes the regression coefficient of Ton variable x, t4 .1 1 d2o 0 0 0 1 b, J
that one would expect to obtain if other variables in
the 1ll" model equation x2 , x3 and x4 had been held 14.2 1 d21 0 0 0 1
constant experimentally. Thus, the 'full' model tor .t4 .3- .1 d22 0 0 0 1
group I: T=a+d. bo+x,'d b1 , for, group 2: T
-a+d. bo+x 2 • d" b2 , etc. The null-hypothesis is, T X

BEST AVAILABLE COPY
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